We used resonant inelastic x-ray scattering (RIXS) with and without analysis of the scattered photon polarization, to study dispersive spin excitations in the high temperature superconductor YBa2Cu3O6+x over a wide range of doping levels (0.1 ≤ x ≤ 1). The excitation profiles were carefully monitored as the incident photon energy was detuned from the resonant condition, and the spin excitation energy was found to be independent of detuning for all x. These findings demonstrate that the largest fraction of the spin-flip RIXS profiles in doped cuprates arises from magnetic collective modes, rather than from incoherent particle-hole excitations as recently suggested theoretically [Benjamin et al. Phys. Rev. Lett. 112, 247002(2014)]. Implications for the theoretical description of the electron system in the cuprates are discussed.
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PACS numbers:
Electronic spin fluctuations are of central importance for current models of unconventional superconductivity in d-and f -electron compounds [1] . Inelastic neutron scattering (INS) provides comprehensive maps of the spin fluctuation intensity at energies and momenta that are well matched to the intrinsic collective response of correlated-electron systems, and has thus played a pivotal role in motivating and guiding theoretical work on unconventional superconductors [2] . Because of the limited intensity of primary neutron beams, however, INS can only be applied to materials of which large single crystals can be grown, and it is unsuitable as a probe of spin excitations in atomically thin heterostructures of complex materials, which provide perspectives for control -and ultimately design -of unconventional superconductivity [3] .
Resonant inelastic x-ray scattering (RIXS) at transition-metal L 2,3 -edges has recently emerged as a powerful momentum-resolved spectroscopic probe of collective spin excitations in crystals of sub-millimeter dimensions, and in thin films and multilayers [4, 5] . Recent examples of RIXS studies of spin excitations include cuprates [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , iron-based superconductors [18] or iridates [19] , where the intrinsic energy scale of the spin dynamics exceeds 100 meV. Initial RIXS data on the dispersion of magnons in the antiferromagnetic "parent compounds" of the cuprate high-temperature superconductors are fully consistent with prior INS data [6, 12] . Remarkably, further RIXS studies revealed that magnon-like collective spin excitations persist in almost undiminished form even in optimally doped and overdoped cuprates, [12] [13] [14] [15] [16] where INS data are very limited. This indicates that strong electronic correlations persist even in a regime where Fermi-liquid properties have been well documented [20, 21] . Motivated by these results, soft x-ray RIXS spectrometers with greatly enhanced resolution are currently under construction at many synchrotron facilities worldwide.
To realize the potential of RIXS as a probe of unconventional superconductors and other correlated-electron systems, it is imperative to develop a quantitative description of the energy-and momentum-dependent RIXS cross section. Initial theoretical work on the undoped cuprates suggested that the RIXS intensity can be written in terms of spin-spin correlation functions [4, 5, 22] , in close analogy to the well known expressions for INS. Numerical calculations of spin excitations in the twodimensional Hubbard model (one of the most widely used model Hamiltonians for the cuprates) for various dopings have supported this conclusion, and the results were found to be in good agreement with the magnon-like collective modes found in the RIXS experiments [23] . On the other hand, recent theoretical work [24] suggested that taking into account the effect of the core hole created in the intermediate state, the RIXS data on metallic cuprates can be understood in terms of incoherent particle-hole excitations in a simple non-interacting electron picture, thus calling into question their interpretation in terms of collective modes.
Here we report Cu-L 3 edge RIXS experiments on the prototypical high-temperature superconductor YBa 2 Cu 3 O 6+x (YBCO 6+x ) that resolve this controversy. Following up on the explicit prediction of Benjamin et al. [24] that the RIXS profiles should shift upon detuning of the photon energy from the L-edge (as expected for fluorescence in a broad particle-hole continuum), we arXiv:1502.02583v1 [cond-mat.supr-con] 9 Feb 2015 have carefully studied RIXS in both undoped and doped YBCO 6+x as a function of photon energy. Contrary to recent RIXS experiments which appeared to support this prediction, [25] we find that the energy of the spin excitations is independent of the incoming photon energy at all doping levels. The magnetic signal seen in RIXS experiments therefore arises from Raman scattering from collective spin excitations, which thus remain a central ingredient for theories of unconventional superconductivity. The RIXS experiments were performed at the ID08 beamline of the European Synchrotron Radiation Facility (ESRF) and at the ADRESS [26] beamline of the Swiss Light Source (SLS), using the AXES [27, 28] and SAXES spectrometers [29] , with respective resolutions of 350 and 160 meV. In both cases the scattering angle was set to 2θ=130
• , and the polarization of the incident photons was kept either within or perpendicular to the scattering plane (π and σ scattering geometry, respectively). The setup at the ESRF further allowed the analysis of the scattered light polarization [30] . We present systematic Before discussing the detuning experiments, we take a detailed look at the scattering geometry, which is of crucial importance for the interpretation of the resulting data. We first recall that in L-edge RIXS, a single spin-flip is necessarily accompanied with a change of the angular momentum of the scattered photon, resulting in a 90˚rotation of the scattered beam polarization with respect to the incident one. In other words, in the experimental geometry commonly used in these experiments, where the c-axis lies in the scattering plane (Figs. 1-a  and -b) , single spin-flip events occur only in the πσ and σπ channels, where σ and π refer to the scattered x-ray polarization. To probe high-energy magnetic excitations close to the Brillouin zone (BZ) boundary (i.e., maximal in-plane component q of q), one can either work with photons near grazing incidence, in which case the scattered beam is emitted close the sample surface normal (q < 0 in our convention [6, 7, 12, 13] (Fig. 1-a) to normal incidence with almost grazing emission (q > 0, Fig. 1-b) . These two configurations are not equivalent. In the latter case, the 3d x 2 −y 2 → 2p transition with π polarized emission is dipole-forbidden, and consequently, the RIXS signal obtained with incident σ polarization in the scattering geometry represented in Fig. 1-b arises almost exclusively from the σσ channel, and does not contain single spin-flip excitations. However, with incident π polarization, magnetic excitations are expected to account for the largest fraction of the spectral weight. This can be experimentally demonstrated using the polarization analysis of the scattered photons, which was made possible by a recently established facility [30] (Figs. 1-c to f) . These spectra (as all the others hereafter) were obtained with the incident photon beam at 20˚from the normal incidence, resulting in an almost grazingly emitted beam (q = (0.37, 0), close to the BZ X-point). In agreement with previous studies [6, 7, [12] [13] [14] [15] [16] , the unpolarized RIXS spectra recorded with σ polarized light on a very underdoped YBCO 6.35 reveal a strong quasi-elastic line [33] , whereas in the π channel, an intense excitation is seen at around 300 meV energy loss. Polarization analysis confirms that the signal seen in the σ configuration arises from the σσ channel, i.e. that the spin-flip fraction of the σ spectrum is vanishingly small. On the contrary, all the spectral weight of the spectrum recorded with π incident photons arises from the πσ spin-flip channel, since under these conditions the non-spin flip fraction remains negligible. The same conclusions hold for the overdoped YBCO+Ca sample, except that a large continuum of charge excitations becomes visible in the σσ channel, in addition to the elastic peak. For incident π polarization, most of the low-energy signal still originates from the πσ channel, with a small fraction arising from the non-spin flip ππ channel. All other scattering geometries (including the one presented in Fig. 1-a , used in Ref. [25] ) probe a mix of spin-flip and non-spin-flip events that cannot be discriminated without systematic analysis of the scattered beam polarization.
Having firmly established π-polarized incident light and grazing emission as the optimal geometry for the investigation of magnetic excitations, we now use this geometry for high-resolution RIXS experiments without polarization analysis. Figure 2 shows the dependence of the spin-flip RIXS spectra as a function of incident photon energy for five doping levels ranging from undoped YBCO 6.1 to overdoped YBCO+Ca. Fig. 2-a shows the x-ray absorption spectra (XAS) around the Cu-L 3 edge for all these samples measured in total electron yield (TEY) and near normal incidence with π polarized xrays (the XAS intensity has been normalized to the maximum of the peak). As previously reported [12, 13] , in the doped YBCO 6.55 (Fig. 2-c) , YBCO 6.79 (Fig. 2-d) , YBCO 6.99 (Fig. 2-e) , and YBCO+Ca (Fig. 2-f) single crystals, that do not exhibit long range magnetic order, the magnon-like feature broadens, but remains well defined [34] . Clearly, the energy of the magnetic peaks is not changing with the incident photon energy. (Note that in the Supplemental Material [31] we have also considered the effect of self-absorption, which turns out not to affect these conclusions).
We have fitted all RIXS spectra acquired in the π channel close the L 3 resonance with resolution-limited Gaussians for the quasi-elastic peak [33] and an antisymmetrized Voigt function for the magnetic component, on top of a background arising from the tail of dd-excitations which was modeled by a Voigt fit [12, 13] . Fig. 3a displays typical results of such fits, and Figs. 3 b-d shows the resulting paramagnon intensity, energy and width.
At each investigated doping level, the intensity rapidly drops as the incident photon energy is detuned from the L 3 edge, essentially following the x-ray absorption intensity (Fig. 3-b) . The analysis further confirms that the energy and width of the magnetic peak depend at most marginally on the incident photon energy. This is in stark contrast with the behavior observed in the σ channel shown in the color maps of Fig. 4 , which display the RIXS signal as a function of the incident photon energy above the L 3 edge (931.35 eV) for the two extreme doping levels investigated (antiferromagnetic YBCO 6.1 and overdoped YBCO+Ca). In the magnetically ordered compound, a stronger quasi-elastic line [33] accompanied with a bi-magnon signal is seen in the σ-channel. Similarly to the single spin-flip seen in the π channel, the bi-magnon energy does not depend on the incident photon energy. In the overdoped compound with incident σ polarization, the bimagnon cannot be resolved, but a strong continuum of charge excitations is now visible and clearly exhibits fluorescent behavior (dashed green line in Fig. 4-d) .
At first glance, these results appear to be in conflict with those reported for underdoped Bi 1.6 Pb 0.4 Sr 2 Ca 0.95 Y 0.05 Cu 2 O 8+δ (at a doping level comparable with the one of our YBCO 6.55 crystal) in Ref. [25] . However, the incident energy dependence of the RIXS signal reported in that study originates from a mix of spin-flip and non-spin flip signal in the scattering geometry that has been used (q < 0, σ incident polarization). As shown in Fig. 4-d , the non-spin flip signal originating from charge fluctuations in the σ channel has indeed a strong fluorescent component, whereas the spin-flip one is genuinely Raman.
These observations have important consequences for the interpretation of the RIXS data. Even for doping levels as high as 20 %, the essential component of the spinflip response cannot be interpreted in terms of the noninteracting particle-hole excitation continuum as proposed by Benjamin et al. [24] . This can be better seen in Fig. 3-c and -d , where their predictions are compared to our experimental data. One expects contributions from incoherent spin-flip excitations of the particle-hole continuum to the RIXS response on general grounds [17, 35] . We can not rule out at this stage that such excitations indeed contribute to the background below the magnon-like collective excitations. However our data confirm that the latter constitute by far the largest fraction of the spinflip RIXS intensity (at least up to optimal doping). A polarization analysis of the detuned RIXS spectra would allow to quantify precisely their overall contribution to the RIXS response.
Our RIXS measurements reaffirm the presence of collective spin excitations associated with short-range antiferromagnetic correlations in optimally doped and overdoped high-T c superconductors. They thus confirm the viability of the large class of models of unconventional superconductivity (including the well-known "spin fermion" model [36] ) that are based on such correlations. Our results are also fully consistent with theories according to which the RIXS cross section can be written in terms of spin-spin correlation functions [22, 23] , obviating the need for materials-specific numerical simulations in the interpretation of RIXS data. With further enhancements of the energy resolution, and systematic use of the polarization analysis of the scattered photons, RIXS therefore has the potential to develop into an INSlike probe of dispersive spin excitations in a wide variety of microcrystals and thin-film structures.
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